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Mosquitoes are a great threat to human health. Fortunately, they have a weakness: they utilize their
sense of smell to target a human host. Recent studies examine the effectiveness of protecting
humans from attack by ablating or odorant targeting mosquito olfactory receptors. The results
are both promising and alarming.One of the most dangerous animals on earth is a tiny insect: the
mosquito. More than 500 million people are currently infected
with mosquito-borne diseases, and more than 3 million people
die every year from these infections (World Health Organization,
2013). In addition, currently half of the world’s population, about
3.5 billion people, is now at risk for infection from mosquito-
borne diseases. Without new interventions, infections and
deaths are likely to rise.
Why is themosquito such a lethal threat? The answer is 3-fold.
For one, female mosquitoes require a blood meal for proper
development of their eggs and have evolved the tools to do it.
Females have a specialized ‘‘mouth’’ consisting of a long skin-
piercing proboscis for a quick and efficient blood meal. Second,
several mosquitoes are anthropophilic, meaning that they prefer
to drink blood from humans. And third, the mosquito is an unaf-
fected carrier for a number of viruses or parasites. All together,
the mosquito becomes a highly effective and mobile agent for
transmitting dangerous diseases among the human population.
Currently the most deadly of the anthropophilic mosquito
species is Anopheles gambiae, the carrier of the Plasmodium
parasite responsible for the disease malaria. Aedes aegypti,
another anthropophilic mosquito species, is the main carrier
for the increasingly prevalent dengue virus.
The Mosquito’s Achilles’ Heel Is Its Nose
Mosquitoes have a major weakness—they rely on their sense of
smell (olfaction) for many of their lifestyle choices. For example,
they use olfactory cues for locating food sources (usually nectar),
locating appropriate egg-laying sites, and, most importantly,
finding human hosts (Figure 1) (Carey and Carlson, 2011).
A number of compounds secreted by humans have been shown
to be mosquito attractants, including lactic acid from human
skin and exhaled breath, 1-octen-3-ol from human sweat and
breath, and carbon dioxide—human breath is 4% CO2, with
traces expired from skin. In fact, carbon dioxide appears to be
one of the most potent mosquito stimulants. The presence of
CO2 even augments the attractiveness of other body odors,
such as lactic acid (Dekker et al., 2005).
A mosquito’s reliance on olfaction for finding a human host
raises two intriguing questions: if a mosquito lacked its olfactory878 Cell 156, February 27, 2014 ª2014 Elsevier Inc.senses, would it still be able to target a human host, and can
odorants be used to trick the mosquito nose into avoiding hu-
mans? These questions begin to be addressed in recent work
by the Vosshall and Ray labs (DeGennaro et al., 2013; McMeni-
man et al., 2014; Tauxe et al., 2013).
The Mosquito Nose and Olfactory Receptors as Targets
for Intervention
Mosquitoes have two sets of noses: the antennae and maxillary
palp (Figure 1B). These olfactory organs are covered by special-
ized sensory hairs called sensilla that usually house two to three
olfactory neurons. Odorants activate olfactory receptors ex-
pressed on the dendrites of olfactory neurons to transmit signals
into the brain. The odorant-induced activity of these neurons can
be directly measured by inserting a recording electrode into the
sensilla. In mosquitoes, the capitate peg (cp) sensilla of the
maxillary palp are responsive to CO2. Single sensillum record-
ings (SSR) of capitate sensilla indicate that it contains three
neurons, with the ‘‘A’’ neuron (cpA) responding directly to CO2
(Lu et al., 2007).
Using Drosophila melanogaster as a guide, the major molecu-
lar components mediating mosquito olfaction have been identi-
fied (Carey andCarlson, 2011). Three types of olfactory receptors
respond to odorants: odorant receptors (ORs), gustatory recep-
tors (GRs), and ionotropic receptors (IRs). The majority of olfac-
tory neurons in the mosquito express one of 131 OR receptors
(OrX), which partnerwith the obligate olfactory receptor corecep-
tor (Orco). Orco is required for proper dendritic trafficking of
the OrX and likely helps form the odorant-gated ion channel
that is opened upon odorant binding (Larsson et al., 2004). The
mosquito cpA olfactory neurons are activated by CO2 via a
complex of three gustatory receptors (Gr) called Gr1, Gr2, and
Gr3 (Lu et al., 2007). Mosquito IRs are the least characterized,
but studies in Drosophila suggest that they likely detect such
volatiles as acids, ammonia, or amines (Silbering et al., 2011).
Mosquitoes Lacking Orco Exhibit Reduced,
but Not Absent, Host Seeking
Because Orco is required for the function of the majority of
olfactory neurons, including many of those necessary for host
Figure 1. Attacking a Mosquito’s Sense of Smell to Prevent Host Seeking
(A) Mosquitoes use a variety of cues to find human hosts, including human body odors, carbon dioxide (CO2), and body heat.
(B) Mosquitoes detect odors by two pairs of olfactory organs: the antennae and the maxillary palp. The antennae detect many different volatiles, including body
odors. The odorant receptor neurons express one of 100 odorant receptors (OrX), which pair with Orco to form a functional odorant-gated ion channel
(red neurons). The maxillary palp is covered by one type of olfactory sensory hair called a capitate peg sensilla that contains three neurons, one of which detects
carbon dioxide. Detection of carbon dioxide requires a trimer of gustatory receptors: Gr1, Gr2, and Gr3 (blue neurons).
(C) Gr complex inhibitors could be used to mask human odors from mosquito attraction, and Gr complex activators could be used as mosquito attractants for
use in baits.seeking, one would predict that mosquitoes lacking this single
gene would be significantly deficient in their ability to find a
human host. To test this hypothesis, Vosshall and colleagues
used zinc-finger nucleases (one of the first uses of this technol-
ogy in a nonmodel organism) to specifically mutate the orco
gene in Aedes aegypti (DeGennaro et al., 2013). As expected,
all previously Orco-positive neurons (the majority of antennal
neurons and two neurons in the capitate peg sensillum) com-
pletely lose their response to odorant ligands, including the
human body odor 1-octen-3-ol. Would this severe olfactory
defect alter the ability of the mosquito to find a human host?
When given a choice between nylon stockings absorbed with
human odor and control untreated stockings, mosquitoes
often chose (20%) the human odor stocking. Orco mutant
mosquitoes lose this preference. However, orco mutants are
just as strongly attracted to body odors (on nylon stockings or
from live hosts) when these odors are presented with CO2
(74%).This suggests that CO2 triggers host seeking even in
the absence of functional Orco-positive neurons. The recent
findings that Orco-negative cpA neurons also respond to
host body odors (see below) and that these odors can act to
enhance CO2 neuronal signaling suggest one possible mecha-
nism for this finding. Another nonexclusive possibility is that
IR-expressing neurons also function in host seeking. Although
host seeking is not abolished in orcomutants, these mosquitoes
are less likely to choose human odors compared to an alterna-
tive host, the guinea pig. This suggests that Orco-positiveneurons might be required for anthropomorphizing a mosquito’s
senses to successfully discriminate between humans versus
nonhuman hosts. Also, orco mutant mosquitoes might be more
deficient at human host seeking if tested in a larger natural
open field in which humans might be just one of many warm-
blooded targets.
Mosquitoes Lacking Functional CO2 Receptors Can Still
Find Human Hosts
The significant attraction of orco mutant mosquitoes to human
odors mixed with CO2 suggests that CO2 receptors may play
a prominent role in host-seeking behaviors. This prompted
McMeniman et al. (2014) to ask whether Aedes aegyptimosqui-
toes lacking functional CO2 receptors would be still attracted
to human hosts. To address this question, they used zinc-finger
nucleases to mutate the Gr3 gene of the Gr1/Gr2/Gr3 CO2
receptor complex (Figure 1). As expected, maxillary palp cpA
neurons no longer responded to CO2. The cpA neuron has
been previously characterized to also be activated by non-CO2
odorants, such as cyclohexanone or cyclopentanone (Lu et al.,
2007). Whether these odorants still activate the cpA neuron in
the Gr3mutant has not been determined. This will be interesting
to examine in future studies, as the maintenance of non-CO2
odorant activities in Gr3 mutants would suggest either that
Gr1 and Gr2 are sufficient to mediate this response or that
additional, currently unknown, olfactory receptors are expressed
by this neuron.Cell 156, February 27, 2014 ª2014 Elsevier Inc. 879
The presence of CO2 can trigger dramatic increases in motile
activity in mosquitoes (Dekker et al., 2005). Indeed, when pre-
sented with CO2, wild-type mosquitoes become highly motile,
whereas Gr3 mutant mosquitoes exhibit no increase in activity.
This suggests that CO2 neuronal signaling directly triggers a
host-seeking behavioral state. Strikingly, wild-type mosquitoes
are attracted to body temperature (37C) surfaces only in the
presence of a CO2 plume, whereas Gr3 mutant mosquitoes
showed no preference for the 37C surface. It is possible then
that CO2 receptor activity, by an unknown mechanism, primes
the mosquito to become attracted to a warm body.
Does this priming indicate an increased drive for blood
feeding? To address this, the Vosshall lab examined the blood-
feeding behavior of mosquitoes toward a ‘‘blood pouch,’’ which
could be maintained at room temperature (26C) or warmed to
37C in the presence or absence of odors. Whereas wild-type
mosquitoes increase blood feeding of a 37C blood pouch in
the presence of CO2, Gr3 mutant mosquitoes do not blood
feed under the same conditions. This shows that CO2 detection
not only increases attraction to warm objects, it also stimulates
blood-feeding behaviors. Thus, temperature acts synergistically
with body odors to increase blood feeding. Furthermore, both
wild-type and Gr3 mutant mosquitoes blood feed on a 37C
blood pouch in the presence of human odors but do not if the
blood is at 26C. Synergism of close-range sensory modalities
(body odor detection, CO2 detection, and heat) by the mosqui-
toes could be driving host feeding (Figure 1). Abrogating one
sense is not effective at completely eliminating this behavior.
Lactic acid, a human body odor, is not particularly attractive
on its own but, when mixed with CO2, is highly attractive to
mosquitoes. Accordingly, Gr3 mutant mosquitoes are no longer
attracted to a lactic acid and carbon dioxide mixture. Lactic acid
is unlikely to activate the carbon dioxide receptor, implying that
activation of CO2 receptors also primes the olfactory system to
respond more strongly to human odors, perhaps via Orco+ or
IR+ receptor neurons. It is noteworthy that CO2 also increases
the attractiveness of nylon stockings infused with human odors,
which is abolished in Gr3 mutant animals. However, live human
arms are still as attractive toGr3mutants as towild-typemosqui-
toes. Real-life targets thus likely present a potent mixture of
attractants (body odors and warm and moist skin) that compen-
sate for the lack of CO2 detection and priming. Indeed, in an
enclosure designed to mimic a home environment with live hu-
man subjects, Gr3 mutant animals are only slightly defective in
finding a human host compared to wild-type animals. It would
be interesting to repeat these experiments in an even larger nat-
ural setting, as the mosquito might rely more on its olfactory
senses to locate a remote target. When a host animal (anesthe-
tized mouse) is placed in a large empty box versus a smaller
enclosure, Gr3 mutant mosquitoes are significantly impaired in
finding the mouse and blood feeding. Although the mouse is
not the ideal target for the mosquito, these studies do suggest
that CO2 sensing neurons might be most required for long-range
host-seeking behaviors.
The results reported by McMeniman et al. (2014) and DeGen-
naro et al. (2013) beg an obvious question: would mosquitoes
defective in both Orco and Gr3 function be even more severely
deficient in host seeking than the individual mutants alone, or880 Cell 156, February 27, 2014 ª2014 Elsevier Inc.will double-mutant mosquitoes, by utilizing other sensory cues
such as IR-expressing neurons, be able to compensate for an
almost complete loss of their sense of smell?
Screening for Volatile Odorants that Target the CO2
Receptor Complex
The orco and Gr3 mutant mosquito experiments are key to un-
derstanding how loss of these genes functions to alter mosquito
behaviors and, by inference, the normal role these genes play in
host seeking. However, they do not provide an immediate
method for targeting the olfactory behaviors of wild-type
mosquitoes to avoid bites. To address this, Ray and colleagues
carried out an elegant series of experiments to identify volatile
odorants that alter the function of the mosquito Gr1/Gr2/Gr3
CO2 receptor complex (Tauxe et al., 2013). Based on previous
findings that butyraldehyde and butyric acid inhibit the activity
of the CO2 receptor complex in A. aegypti (Turner et al., 2011),
they reasoned that a structurally similar, yet more chemically
reactive, volatile odorant might bind specifically to the Gr1/
Gr2/Gr3 receptor complex and shut down its function. Remark-
ably, they identified an odorant, butyrl chloride, that specifically
inhibits the activity of the cpA CO2-sensing neuron for 12–24 hr
after a brief 60 s exposure.
The CO2 Receptor also Guides Attraction
to Other Host Odors
Previous electrophysiological studies of the mosquito maxillary
palp indicated that cpA neurons could be stimulated by CO2
and some other odorants (Lu et al., 2007). However, it was not
known whether these odors were attractive to the mosquito,
and if so, whether they were attractive because they activated
the CO2 receptor complex as opposed to OrX-Orco neurons.
Tauxe et al. (2013) found that reducing the function of the cpA
neuron by butyrl chloride also reduces the ability of themosquito
to be attracted to foot odors in wind tunnel experiments. This
is remarkable because attraction to body odors was previously
thought to be primarily mediated by OrX-Orco receptors, and
these data show that the ‘‘CO2’’ receptor is also a human body
odor detector.
By focusing on previously known odorants that activate the
cpA neuron (Lu et al., 2007; Turner et al., 2011), the authors iden-
tified structurally similar body odors that also activate the cpA
neuron. Each of these body odorants activated the cpA neuron
in both A. aegypti and Anopheles gambiae. In fact, some odor-
ants, such as high concentrations of pyridine, activate the cpA
neuron more strongly than CO2. The response of cpA neurons
to CO2 is increased in the presence of some of these odors, sug-
gesting that they act synergistically on the CO2 receptor com-
plex. It is interesting to speculate that increased signaling by
the cpA neuron might correlate to increased attraction, perhaps
explaining the observation that CO2 heightens the attractiveness
to certain body odors.
Identifying Safe and Pleasant-Smelling Odors that
Target the Gr Complex
Although previously identified odorants could activate or inhibit
cpA (Lu et al., 2007; Turner et al., 2011), they are not ideal
for use in the field because they are either dangerous or
unpleasant-smelling to humans. For instance, 2,3-butanedione,
which inhibits the cpA neuron, smells like rancid butter. Pyridine,
which activates the cpA neuron, is highly flammable and toxic at
even low doses and has a fish-like odor.
To identify odorants that are inexpensive, safe, and pleasant-
smelling to humans that also activate or inhibit the cpA neuron,
the authors performed a set of in silico studies (Boyle et al.,
2013). They compiled a list of odorants known to alter the activity
of the cpA neuron (and presumably act as ligands for the Gr1/
Gr2/Gr3 complex) and used this list as the starting point to find
similar odorants that alter that activity of the Gr receptor com-
plex. The result is a list of 1,000 potential ligands, from which
they selected mainly odorants known to be safe, inexpensive,
and pleasant-smelling to humans. This yielded a smaller list of
138 compounds for testing by cpA sensillar recordings, from
which they identified odorants that activate (cyclopentanone,
3-methylbutanol, propyl acetate), inhibit (methyl pyruvate, ethyl
pyruvate), or sustain activation (E2-methylbut-2-enal) of the
cpA neuron.
A New Class of Odorants for Potentially Controlling
Mosquito Host Seeking
Inhibitors of the cpA neuron should reduce the mosquito’s ability
to be attracted to human body odors. Aedes aegyptimosquitoes
are significantly less attracted to human hands in the presence of
10% ethyl pyruvate, which has a pleasant caramel/rum odor.
Conversely, activators of the cpA neuron should function as
robust mosquito attractants. Cyclopentanone, which is safe
and has a pleasing minty odor to humans, is as effective as
CO2 baits in controlled field tests—the first odorant identified
to be as effective as a CO2 bait (Figure 1).
Using the experimental response profiles for the initial 138 po-
tential odorant ligands, Tauxe et al. (2013) used this information
to examine which molecular descriptors were most effective in
predicting cpA activation and thereby updated the algorithms
used to identify additional ligands. Reiterative processing led
to an improved success rate in identifying cpA ligands. Interest-
ingly, the odors that affected cpA fell into a number of different
clusters based on their molecular characteristics. This suggests
that the Gr complex has multiple ligand binding sites, some
distinct from the binding site for CO2, or that some of these
odorants target currently unknown cpA olfactory receptors.
Perspectives—Promise and Alarm
Although promising, it remains to be determined whether the
newly identified cpA odorants will be effective in preventing
mosquito host seeking in a more complex and natural setting.Nonetheless, these findings introduce an effective strategy for
identifying new odorants that activate a chemosensory neuron
of interest. This could be applied to identify new or improved
odorants that activate specific OrX-Orco or Ir receptor com-
plexes, as shown in recent work reporting repellant odorants
that might be safer and potentially more effective than DEET
(Kain et al., 2013).
However, the mosquito is not so easily defeated—the orco
and Gr3 mutant mosquito experiments show that host
seeking involvesmultiple sensorymodalities, including olfaction,
and abolishing one sense might not be sufficient to completely
eliminate biting. Future studies, using Drosophila as a guide,
might help to identify the mechanisms by which these other
sensory cues are detected by the mosquito, how they are inte-
grated by both the peripheral and central nervous system, and
ultimately effective strategies to block them.
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